and beach erosion/accretion [Lee, 1977; Cherkauer and McBride, 1988] . In the latter regions the term groundwater/ surface water mixing zones might be more appropriate. These zones are extremely dynamic hydrologically, characterized by wave run-up and infiltration, groundwater seepage into and out of the surface water body, groundwater/surface water mixing, and possible ebullition processes as a result of gases produced from anaerobic microbial activity. Moreover, the spatial distribution of the depositional system of the surface water sediments greatly affects groundwater (and contaminant) flow [McBride and Pfannkuch, 1975; Cherkauer and Nader, 1989] . For example, the Lake Michigan shoreline exhibits different depositional facies in fairly close proximity to one another, ranging from shore-parallel alignment to various fluvial cutand-fill channel structures associated with the filling of ancestral river valleys (e.g., St. Joseph River, Benton Harbor) (W. A. Sauck, personal communication, 1994) . In the latter the channel directions would be expected to greatly control groundwater and contaminant flow.
The relative positions of the water table under a beach and the mean shoreline topography influence beach accretion and erosion by affecting the amount of water that infiltrates into the beach rather than returning as backwash [Duncan, 1964] . Thus the location of groundwater seepage (point of contaminant emergence) cannot be predicted on the basis of hydraulic head differences alone as it is affected by "pumping effects" due to wave run-up and infiltration and the stratification of zones with different hydraulic conductivities as the result of sediment deposition. Moreover, heterogeneities in the thickness of the sediment layer separating the aquifer from surface water bodies affect the distance of offshore seepage [Cherkauer and Nader, 1989 ]. The hydrodynamic effects of a GSI on a contaminant plume have been extensively described [Sacks et al., 1992; Shedlock et al., 1993; Vanek, 1993; Devito et al., 1996] . However, the effects of this physical interaction on the aquifer oxidation-reduction capacities and in situ microbial activity has received limited attention [Strobel, 1995] .
Redox Zonation in Aquifers
An adequate understanding of the distribution of in situ redox processes is central to the interpretation and prediction of the fate of contaminants in environmental systems. Contaminated aquifers exhibit spatial and temporal changes in redox chemistry as the result of microbial respiratory processes and recharge from precipitation events on a seasonal basis. The presence of microbial carbon and energy sources, such as fuel hydrocarbons and natural organic matter (TOC), will result in a gradual depletion of available electron acceptors and in anaerobiosis depending on how well the system is poised. The resistance of aquifer environments to becoming reduced can be represented by their oxidation capacity (OXC), which includes the dissolved and aquifer solid-associated concentrations of potential electron acceptors as well as the electronaccepting capacity of each species [Barcelona and Holm, 1991] .
It should be noted that the OXC based on dissolved constituent analysis alone has been found to underestimate the true redox buffer capacity of an aquifer, as Fe 3+, Mn 4+, and organic carbon are mainly associated with the aquifer mineral phase. On the basis of studies at two uncontaminated sandy aquifers it has been estimated that only up to 2% of OXC can be captured in the aqueous phase [Barcelona and Holm, 1991] . This is particularly relevant to aquifers where ferric iron-and sulfate-reducing processes are dominant and reduced speci_es rapidly precipitate as iron sulfides or iron hydroxides [Heron and Christensen, 1995; Christensen et al., 1994] .
Microbial anaerobic degradation and kinetics of organic matter (anthropogenic or natural) oxidation are inherently nonequilibrium systems because these processes tend to occur in chains of reactions starting with fermentation. Postma and Jakobsen [1996] recently proposed a partial equilibrium ap-proach to describe this succession of redox zonation. This approach is based on the rationale that since fermentative byproducts such as acetate and hydrogen are typically observed at orders of magnitude lower concentrations than terminal electron acceptor consumption In addition to horizontal TEAP stratification along the path of groundwater flow a previous study of this site provided evidence of vertical stratification of TEAPs and contaminant distribution [Semprini et al., 1995] . Specifically, this study showed that sulfate-reducing processes were dominant in shallow zones of the plume corresponding to an accumulation of cis-DCE as the dominant contaminant dechlorination product. Methanogenesis was the dominant TEAP in deeper zones, with VC and ethene present as the main dechlorination products. On the basis of predictions from a modified modular three-dimensional finite-difference groundwater flow model (MOD-FLOW) model developed for this site [Tiedeman and Gorelick, 1993] , the authors hypothesized that rechargedominated groundwater flow was the reason for this vertical stratification. Thus the contaminants and any organic driving force originating from the source would be expected to migrate deeper into the aquifer, resulting in more reduced conditions (e.g., methanogenesis) and more extensively dechlorinated products (e.g., VC and ethene) in deeper zones. GPR measurements are based on the interpretation of reflection patterns resulting from the interaction of intense short electromagnetic pulses with features of the subsurface [Daniels, 1989] . Thus GPR pattern interpretation was governed by media electromagnetic properties such as conductivity o-, relative permittivity st, and relative magnetic permeability kcr and has been applied to the characterization of lake sediments [Daniels, 1989 Groundwater and aquifer solid samples were collected by installing temporary sample points using steel geoprobe rods (2.5 cm diameter) with a slotted screen point assembly. The sample point consisted of a 61 cm long slotted screen with fifteen 0.5 mm wide by 51 mm long slots. Since the beachhead was inaccessible to a truck-mounted geoprobe the rods and sampling points were installed either manually with a fence post driver or with the help of a generator-powered 80 lb electric hammer. Offshore samples were obtained using a geoprobe truck mounted onto a barge and anchored in place with the aid of a tugboat and large steel pylons or anchors [Barcelona, 1994]. During the offshore sampling process the geoprobe rods were restricted from bowing in the lake by a shroud of 0.64 cm thick PVC pipe (10 cm diameter) attached to a steel plate (2.5 cm thick) that encircled and provided lateral support to the geoprobe rods. This assembly allowed for sampling in waves of up to 70 cm. After inserting the screen and rods to the desired depth the sample point was purged and sampled using a peristaltic pump. In all cases the piezometric surface was <3 m below the peristaltic pump, which is well within the pump's differential head requirements. Successive samples were collected across the contaminated aquifer thickness at -1 m depth increments down to 5-10 m below the piezometric surface.
Effect of Redox Conditions on Chlorinated
At each sample elevation, p H, dissolved oxygen, chlorinated aliphatic hydrocarbons (CAHs), volatile organic carbons (VOCs), nitrate, sulfate, chloride, specific conductance, reduction potential, dissolved iron, and sulfide were analyzed. The standard sampling protocol was first to measure the hydraulic conductivity using a drawdown test before developing the sample point. The sample point was then developed, and suspended solids were collected in glass sample jars using a peristaltic pump. Aquifer solids were saturated with groundwater and sealed without headspace and immediately stored on ice until delivery to the UM laboratories where samples were stored at 4øC until used. After developing each sample location the groundwater was pumped until consistent dissolved oxygen readings were obtained. Readings were considered consistent when dissolved oxygen changed <0.2 mg L -• over 5 min.
Dissolved oxygen, p H, and temperature were recorded continuously during this stage. Once the field readings stabilized, water samples were collected for on-site analysis using a mobile laboratory or preserved for later analyses.
Groundwater and Aquifer Solid Analyses
Samples for VOC analyses and aqueous inorganic analyses were collected and immediately preserved and placed on ice for delivery to EPA laboratories for analysis. VOCs were analyzed using purge and trap with gas chromatography for chlorinated ethenes and aromatic hydrocarbons [American Public Health Association, 1992] and headspace gas chromatography described by Kampbell [Stookey, 1970; Gibbs, 1976] . The analysis was performed at 562 nm on a Varian Carry 3 UV-vis spectrophotometer, and iron (II) was quantified using a five-point external standard curve.
4.
Results and Discussion
Geophysical Characterization
Offshore GPR and sonar data proved to be essential in guiding the sampling program for the interpretation of the offshore boring profiles with respect to contaminant transport and to be helpful in predicting the zone of interaction of the plume with the lake water. The shore parallel profile (exemplified for 100 m NW, Plate la) showed a strong, continuous upper radar reflector A (0-2 m below lake bottom) which is present regionally from Benton Harbor, Michigan, to Burns Harbor, Indiana (W. A. Sauck, personal communication, 1994) . Overall, the remarkable continuity of reflectors A-C (some ofwhich are traceable for the full 500+ m of line length) and the uniformity in the shore-parallel plane strongly imply shore-parallel alignment of deposition of these lacustrine sediments (e.g., reflectors B and C below the strong upper reflector). Moreover, the absence of fluvial cut-and-fill channel structures would preclude the existence of preferential groundwater flow channels into the lake.
Where sands are present above and below reflector A (Plates la and lb), as at this site, the cause of the reflection may be two phenomena: (1) a porosity/sorting change resulting in differences in water content er or (2) an abrupt change in electrical conductivity •r. The former case implies transition to at least thin layers of coarser sands and gravels or to silts and clays, neither of which were reported at this level during subsequent subsurface sampling. However, in otherwise uniform sands, reflections can be produced by a very thin lamina of clay or silt, which might have been missed at the sampling sites. Thus the upper GPR reflector is most likely a physical or stratigraphic boundary since permittivity normally dominates over conductivity in the reflection coefficient. That would constitute a porosity or permeability boundary, which may in turn provide a downward barrier to circulation of oxygenated lake waters that could ultimately result in a difference in aqueous chemistry. The second phenomenon might be due to lowconductivity lake water in the sands above and higherconductivity groundwater (or stagnant lake water) below that boundary. In the latter case the boundary would be due to higher dissolved ion concentrations below as a result of the long residence time of the groundwater or connate lake water and should be apparent as a significant boundary for other chemical constituents besides the ionic constituents that contribute to electrical conductivity. The effect of the elevated conductivity on the GPR records would be in muting or attenuating reflections from all underlying stratigraphic reflectors.
The elevation versus specific conductance profiles from the beach and barge sampling points (Figure 3 
Redox Zone Delineation
The interpretation of oxidation-reduction conditions of the three transects along the GSI was based on the spatial distribution of redox-active species (Figures 4b and 4c and Table 1 ) and silver electrode redox measurements (Figure 4d) . (Figure 4d) Nitrate and nitrite were not quantified separately during analyses because previous studies suggested that nitratereducing processes were minor compared to the more reduced microbial processes in the up-gradient section of the contaminant plume [Semprini et al., 1995] . Therefore it was difficult to assess the significance of denitrification at the site. Total concentrations of nitrogen-containing aqueous species did not exceed 0.12 mmol and were usually below 0.05 mmol (Figure 4b negative to support sulfate reduction. No lake sediment extractions were performed to quantify solids-bound iron, but soluble iron was generally slightly higher when compared to transects I and I1 (Figure 4b) . A schematic representation of redox zonation at the GSI consistent with this analysis and discussion is presented in Figure 6 . Considering the information from all transects, a gradual change in redox conditions at the GSI was apparent with distance from the shore and with depth. For example, between transects I and II the shallow sampling points became increasingly more oxidized and exhibited characteristics reflective of groundwater/surface water interactions (e.g., specific conductance and chloride). The deeper sampling points at transect I were more reduced, possibly sulfate-reducing to methanogenic as evidenced by elevated methane and reduced sulfate concentrations. This transect was closest to up-gradient transects, which were found to be predominantly sulfatereducing to methanogenic, conditions conducive to extensive reductive dechlorination [Semprini et (Figures 3a and 3b) , which may in part be explained by a likely broad plume convergence zone between these sampling transects. This would result in significant dilution of the groundwater by lake water.
Transect I (55-AE to 55-AJ). The redox plot
On the basis of the depth p.rofiles observed for selected sample points in the beach transect, several trends were detected which differentiated these borings from those carried out up-gradient [Semprini et al., 1995] 
On the basis of this rationale the total moles of electrons (or electron equivalents) available from the mineralization of TOC to carbon dioxide or the quinone/hydroquinone redox couple may be compared to the electron equivalents required for reductive dechlorination of contaminants to ethene assuming two electrons are required for each dechlorination step (Table 2 ) [Vogel et al., 1987] . On average the electron equivalents generated from the complete mineralization of TOC to carbon dioxide are 2 orders of magnitude higher than that required (per liter of groundwater) for complete dechlorination of CAHs to ethene. Even in the case of quinone reduction (one-twelfth the electron equivalents compared to mineralization of CH20 ) more than sufficient electron equivalents are also available for the dechlorination reactions. These data provide upper and lower bounds of electron equivalents available from the oxidation of TOC. While not all electron equivalents released in the oxidation processes could realistically be used to dechlorinate contaminants, these data indicate that TOC can provide a possible carbon source to microorganisms for fortuitous reductive dechlorination of CAHs at the GSI.
Conclusions
This study was aimed at evaluating the potential for natural processes affecting the disposition of chlorinated solvents at the groundwater/surface water interface (GSI) with a large lake and necessitated the implementation of several innovative monitoring techniques. Geophysical subsurface characterization methods such as GPR and sonar served to guide offshore sampling programs and helped to predict the likely locale of groundwater/surface water interactions. Despite the site heterogeneities which undoubtedly affected the interpretation of results from field-scale investigations, several geochemical trends and processes were identified: (1) the contaminant plume was transported and diluted in a relatively conductive subsurface layer which extended from the beach in an offshore direction; (2) wave run-up and lake water infiltration created a lakeward flux of contaminants in the near water table region ("plume erosion") and reoxygenated the top 3 m of the contaminant plume; (3) the deeper portion of the aquifer on the beach was not affected by lake water and remained highly reduced; (4) the offshore groundwater aquifer indicated sulfate reduction and did not show significant mixing with the aerobic lake water. 
